Hybrid quantum dot (QD) / transition metal dichalcogenide (TMD) heterostructures are attractive components of next generation optoelectronic devices, which take advantage of the spectral tunability of QDs and the charge and exciton transport properties of TMDs. Here, we demonstrate tunable electronic coupling between CdSe QDs and monolayer WS 2 using variable length alkanethiol ligands on the QD surface. Using femtosecond time-resolved second harmonic generation (SHG) microscopy, we show that electron transfer from photoexcited CdSe QDs to single-layer WS 2 occurs on ultrafast (50 fs -1 ps) timescales. Moreover, in the samples exhibiting the fastest charge transfer rates (≤50 fs) we observed oscillations in the time-domain signal corresponding to an acoustic phonon mode of the donor QD, which coherently modulates the SHG response of the underlying WS 2 layer. These results reveal surprisingly strong electronic coupling at the QD/TMD interface and demonstrate the usefulness of time-resolved SHG for exploring ultrafast electronic-vibrational dynamics in TMD heterostructures.
WS 2 monolayers were mechanically exfoliated from a bulk single crystal (2D Semiconductors) on a Si/SiO 2 substrate. CdSe QDs were synthesized by a previously reported method 19 and suspended in toluene. The QD excitonic peak absorption occurred at λ = 646 nm ( Fig. 1c) corresponding to nanocrystals roughly 7 nm in diameter. 20 QDs were deposited onto the WS 2 /SiO 2 /Si substrate by spin coating and the native octadecylphosphonic acid surface ligands were subsequently exchanged for variable length alkanethiols in a layer-bylayer process. 21 In this method, ∼ 50 µL of a 10 mg/mL QD suspension in toluene was spin-coated onto the WS 2 /SiO 2 /Si substrate at 1500 rpm for 30s. The surface was then covered with a 0.1 M solution of the desired alkanethiol (ethanethiol, 1-butanethiol, 1-octanethiol, or 1-dodecanethiol) in acetonitrile and allowed to soak for 30 s. The exchange solution was then spun off. Lastly, the sample was covered with pure acetonitrile and spun at 1500 rpm for 30 s to wash away free ligand. This process was repeated five times to form the nanocrystal film. The resulting interface is illustrated in Fig. 1a .
The estimated band edge alignment at the QD/WS 2 interface is shown in Fig. 1b . The valence band maxima for the CdSe cores and WS 2 relative to vacuum (the ionization potential, φ) were taken from literature. Jasieniak et al. reported size-dependent CdSe QD valence band maxima energies, which the measured using photoelectron spectroscopy. 22 Fig. 1c ; the QD absorbance extends to significantly lower energy than the WS 2 monolayer, enabling selective photoexcitation of the QD in the heterostructure.
Our time-resolved SHG microscopy instrument is illustrated in Fig. 2a . A 76 MHz
Ti:sapphire oscillator (Coherent, Mira-HP) generates 100 fs, λ = 830 nm pulses, which synchronously pump an optical parametric oscillator (OPO, Coherent, Mira-OPO). The OPO generates 100 fs pulses of tunable wavelength (λ = 550 to 700 nm), which we use to photoexcite the sample. A 0.15 mJ/cm 2 pulse at λ = 650 nm excites the QDs, and after a leading to an effective relaxation rate constant k diff . SHG data were fit to this kinetic model using the coupled differential equations,
The time-dependent area densities of excited charges on QDs, (Fig. 2b) . For direct comparison to experimental data, the modeled kinetics were convolved with the pump-probe sum frequency generation cross correlation. QDs capped with ethanethiol and butanethiol exhibited the fastest electron transfer dynamics. When transient SHG signals from these samples were collected for longer integration times (to improve signal-to-noise ratio), coherent oscillations in the transient SHG data became apparent (Fig. 4a) . These oscillations were not observed in WS 2 -only or QD-only It is significant that a coherent vibration of the CdSe QD is observed, even though it is the WS 2 layer that contributes the SHG signal we measure (CdSe films deposited on glass substrates generated no detectable SHG signal in our instrument). There are two possible explanations for this: 1) strong dielectric coupling, or 2) strong electronic-vibrational coupling at the QD-TMD interface. In the first case, coherent expansion and compression of QDs situated on top of the WS 2 surface periodically modulates the dielectric environment surrounding the 2D material, which in turn modulates the nonlinear susceptibility. However, coherent acoustic phonons in QDs can be excited directly upon photoexcitation,
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whereas we only observe coherent oscillations in the case of ultrafast charge transfer.
That coherent oscillations are only observed for the two shortest molecular ligands suggests that explanation #2 -strong electronic-vibrational coupling at the CdSe QD/WS 2 interface -is the likely mechanism. In this mechanism, the adiabatic transition state for the donor-acceptor electron transfer process is mixed due to strong electronic coupling.
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Acoustic vibration of the donor QD coherently modulates the electronic coupling strength, creating a vibronic signature in the time-domain second-order nonlinear optical response.
In conclusion, we engineered a QD/TMD system to facilitate fast charge transfer by placing CdSe QD cores directly on a WS 2 monolayer separated by short alkanethiol ligands.
We adjusted the energetics of the system to exclude all processes except charge transfer and probed the charge transfer dynamics using time-resolved SHG. We were able to tune the rate of charge transfer by changing the QD capping ligand, adjusting the degree of electronic coupling at the QD/WS 2 interface. In the case of ethanethiol and butanethiol, the ultrafast transfer process coherently excited a QD acoustic phonon, modulated the SHG response in the time domain. Charge transfer is a fundamental process underlying 0D/2D
hybrid optoelectronic devices and this work probes that process spectroscopically at a model interface. The work also demonstrates the advantages of using SHG to probe dynamics at TMD interfaces, which can be difficult to study with linear spectroscopy. by mixing the pump and probe pulses in monolayer WS 2 . The SFG signal was filtered by a short pass filter to remove the pump, probe, and the probe second harmonic, and detected with the same PMT used in time-resolved SHG experiments. The SFG cross correlation represents the convolution of the pump and probe intensity profiles.
